Many bacterial plasmids have the effect of increasing the ultraviolet (u.v.) resistance of host cells that harbour them, apparently by an error-prone repair mechanism that leads to a high level of mutation amongst the survivors. These plasmid systems are apparently analogues of the Escherichia coli um uD /C operon, which is absolutely required in this organism for mutation induced by u.v. light and by many chemical mutagens. This article reviews the extensive and sometimes conflicting literature relating to this phenomenon, and describes the further charac terization of one such plasmid system, the imp (/group mutation and protection) operon of the II group plasmid TP110. It is demonstrated that each of the protection mutation systems well characterized to date shows a similar genetic arrangement, and that significant homology can be detected at the amino acid level between the proteins encoded by these different systems.
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IN T R O D U C T IO N
The ability of certain bacterial plasmids to affect the survival and mutagenic responses of bacterial cells to ultraviolet irradiation was first recognized by Howarth (1965) in a study with the I I group plasmid ColIb-P9 in Salmonella typhimurium LT2. She demonstrated a twofold effect of the presence of the plasmid in ultraviolet (u.v.)-irradiated cells, namely an increase in survival and an increase in the fraction of mutants found amongst the survivors (Howarth, 1965 (Howarth, , 1966 . Since these initial observations, a great deal has been learnt about the plasmid-encoded genes re sponsible for these effects, and it is the intention of this review to set recent developments in the context of the earlier work.
EXT EN T OF THE P H E N O M E N O N
Following these early demonstrations, it became apparent that many bacterial plasmids encoded similar functions. Drabble & Stocker (1965) reported one f i + and four fi~ plasmids, which protected S. typhimurium LT2 against the killing effects of u.v., while Marsh & Smith (1969) showed that the plasmids RE13 and RE 1-290 improved the u.v. resistance of Escherichia coli K12 strains by up to 60% in a process that appeared to depend upon the host strain's ability to undergo re combination. Further examples of u.v. protecting plasmids were reported by Siccardi (1969) , who screened 31 different plasmids for their u.v. protection effects. It was observed that 15 protected, 11 had little or no effect and five caused a substantial decrease in u.v. resistance. The protecting plasmids included members of the F, N and I incompatibility (Inc) groups. A number of other u.v. protecting plasmids have been listed by Novick (1974) and by Jacob et al. (1977) , showing that this phenotype is common amongst Incl and IncN plasmids. This is probably a reflection of the limited number of plasmids that had been tested for this particular character, since more recently Molina et al. (1979) and Pinney (1980) have found examples of u.v. protecting plasmids in 10 different incompatibility groups.
Plasmid-mediated u.v. protection/mutation effects are not limited to the Enterobacteria. The u.v. protecting effect has been widely observed amongst conjugative and drug resistance plasmids of Pseudomonas aeruginosa (Jacoby, 1974; Krishnapillae, 1975; Lehrbach et al. 1977a ,b\ Stokes & Krishnapillai, 1978 , in IncP plasmids introduced into Myxococcus xanthus (McCann & Clark, 1981) , and may also be encoded by the SCP1 plasmid of Streptomyces coelicolor (Puglia et al. 1982; Misuraca, 1984) . Naturally occurring plasmids of Streptococcus faecalis are also reported to encode a similar function (Miehl et al. 1980) . In almost every case, the two plasmid-encoded effects are inseparable, i.e. the plasmids both increase u.v. survival of the host cells and also increase u.v.-induced mutation. With certain plasmids, for example R205 and pK M lO l, a third related phenotype is also observed, namely a significant increase in the spontaneous reversion of certain genetic markers (McCann et al. 1975; Mortelmans & Stocker, 1976; MacPhee, 1977) . Although it is likely that this phenotype is encoded by the genes that encode u.v. survival and mutation, there is one report in the literature that the genes for these effects can be separated (Mortelmans & Stocker, 1979) . The same genes have been shown to be responsible for both protection and mutation effects by the isolation of point and transposon insertion mutations that abolish both effects simultaneously. Plasmids in which such mutations have been isolated include p K M lO l (Walker, 1978; Shanabruch & Walker, 1980) , R205 (D. G. MacPhee, quoted by Kronish & Walker, 1979) , pMG2 (Lehrbach et al. 1977a ) and TP110 (Glazebrook et al. 1986) .
THE P L A S M ID p K M lO l
Of this large number of plasmids, the most widely studied is pK M lO l, a deletion derivative of the naturally occurring N group plasmid R46 (also known as RBrighton, R1818 and TP120). pK M lO l was created from R46 by P22 transduction, and is about two-thirds of the size of the parent plasmid, due to the loss of D N A encoding many of the drug and metal resistances (Mortelmans & Stocker, 1979) . The extent of the deletion has been characterized in a number of laboratories (Brown & Willetts, 1981; Langer & Walker, 1981; Dowden & Strike, 1982 ) and it appears to result in a slight increase in the efficiency of the mutagenic processes encoded by the plasmid (McCann et al. 1975) , perhaps due to deletion of a function that, in R46, acts in trans to reduce plasmid-encoded error-prone repair (Dowden & Strike, 1982) . The choice of pK M lO l as the main target for study is largely a consequence of the use of this plasmid in the Ames Salmonella test system where it greatly increases the sensitivity of the test strains to the mutagenic effects of many carcinogens (McCann et al. 1975) . Again this is a common property of all of the plasmids tested to date; not only.do they increase the number of mutations induced by u.v. light, but they also increase mutations caused by many chemical mutagens. The use of plasmids to enhance the sensitivity of bacterial test systems in this way was first suggested and shown to be a useful approach by MacPhee (1972 MacPhee ( , 1973a . Recent studies indicate that many of the u.v. protection/mutation systems carried by bacterial plasmids, and also in some instances by bacterial chromosomes, are functionally and structurally related to the pK M lO l system, which is therefore proving to be an excellent model.
R E Q U IR E M E N T S FOR HOST G ENES
One of the earliest observations of the protection/mutation systems of bacterial plasmids was that they appeared to require a functional recombination system in the host (Marsh & Smith, 1969) . A thorough investigation of host genes required for expression of the plasmid-encoded phenotype has revealed that all plasmids tested to date require a functional recA gene product in the host (Upton & Pinney, 1983) . This is true for R46 and R205 in 5. typhimurium (Mortelmans & Stocker, 1976; MacPhee, 1973c) , for pK M lO l in 5. typhimurium (McCann et al. 1975 ) and for pMG2 in P. aeruginosa (Lehrbach et al. 1977a) . Ini?, coli K12 the same dependence on recA+ is seen with R46 and pK M lO l (Tweats et al. 1976; Monti-Bragadin et al. 1976; Walker, 1977; Goze & Devoret, 1979) and with the I I group plasmid TP110 (Fig. 1A) . Also ini?, coli K12, the protection/mutation effects of R46 and pK M lO l are not expressed in /exA(Ind_ ) mutants such as lexA3 and lex A 1 (Walker, 1977) . Waleh & Stocker (1979) have shown, however, that care is needed to interpret the interaction of plasmid systems with the lexA gene product, since the effects depend to a large extent on the lexA allele involved and the genetic background of the strain used. In the E. coli WP2 strains there are indications that the protection/mutation genes of some plasmids can be well expressed in lexA(Ind~) mutants, particularly in a uvr~ background (Monti-Bragadin et al. 1976; Babudri & Monti-Bragadin, 1977; Nunoshiba & Nishioka, 1984) . However, these observations seem to apply only to certain plasmid/mutagen combinations, for example pK M lO l with u.v. irradiation (Venturini & Monti-Bragadin, 1978) , and it is clear that in most cases the fex:A(Ind-) mutations, like recA~ mutations, effectively block expression of the plasmid systems.
With the exception of the recA and lexA genes, no other host genes appear to be absolutely required for the plasmid effects, although some rather complex effects are seen in uvrE mutant hosts. The most comprehensive surveys have been performed in E. coli K12, but in the limited studies performed with other organisms the results are in good agreement. In E. coli K12, plasmids effectively protect and increase the mutation rate following u.v. irradiation of uvrA, uvrB, uvrC, polA, lig, recB, recC, recL, uvrD, recF, dam3 and umuC/D mutants (Tweats et al. 1976; Goze & Devoret, 1979; Monti-Bragadin et al. 1976; Venturini & Monti-Bragadin, 1978; Walker, 1977; Upton & Pinney, 1983; Nunoshiba & Nishioka, 1984) . These observations appear to be true for all plasmids tested to date (Upton & Pinney, 1983), with the sole exception of the J group plasmid R391 and its relatives, as discussed below. Some variation is seen in the ability of plasmids to confer u.v.
protection/mutation effects upon uvrE mutants. The reasons for this variation are not known, nor is there an obvious explanation for these observations since the plasmids unable to express their effects in a uvrE host are able to protect uvrD and recL mutants (Upton & Pinney, 1983) , and these three mutant classes are actually all mutations within the same gene (now designated uvrD) affecting the E. coli D N A helicase I I (Kushnerei al. 1978; Siegal, 1981; Oeda et al. 1982) . The reports in the literature concerning the effects of uvrD alleles are also somewhat contradictory: for example, Upton & Pinney (1983) demonstrated that R46 can effectively protect recL mutants of E. coli, while Todd & Glickman (1979) showed that the R46 derivative p K M lO l cannot protect these strains. Moreover, it is likely that the uvrD + gene is needed only for the protection part of the phenotype and not for mutation, since plasmid-mediated enhancement of u.v.-mutagenesis has been shown to occur in u vrD , recL and uvrE mutants (Upton & Pinney, 1983; Todd & Glickman, 1979) , with the proviso that Goze & Devoret (1979) demonstrated that plasmid-mediated Weigle mutagenesis of bacteriophage lambda was abolished by a uvrE502 mutation. Taken together, these observations suggest that the UvrD and plasmid-coded proteins may interact together in error-prone repair as suggested by Shanabruch & Walker (1983) .
Plasmid R391 and other related plasmids of the J incompatibility group sensitize the bacterial host to u.v. irradiation, rather than protecting, but also increase the mutagenic response to u.v. (Pinney, 1980) . This phenotype is not uncommon, several other sensitizing plasmids being described by Siccardi (1969) . As with the protecting plasmids, the sensitization is not observed in recA~ hosts, and is slightly reduced in lexA(Ind-) hosts (Upton & Pinney, 1983; Pembroke & Stevens, 1984) .
Enhancement of the mutagenic response is also abolished in these mutant host strains, indicating an involvement of the host SOS system in this plasmid-encoded phenomenon. Recent work indicates that the sensitization is due to inhibition of the host recombination system (Pembroke & Stevens, 1984) , which leaves the possibility that the J group plasmids may encode a u.v. mutation-enhancing function that is under rec/lex control and is quite separate from the function that sensitizes.
The observation that plasmid-coded u.v. protection and mutation effects are usually abolished in both recA T and /exA(Ind-) mutants of E. coli carries the clear implication that the plasmid genes interact with the 'SOS' (rec/lex) system of the host, and several options therefore seem possible. The plasmid-coded genes could be expressed constitutively, but need to interact with an inducible component of the SOS system in order to carry out error-prone repair, or the plasmid-coded genes could themselves be under the control of the rec/lex system. In fact the evidence indicates the true situation to be a combination of these two.
A variety of experiments have been reported that attempt to assess the inducibility of the plasmid genes. Walker (1978) reported that a large inducible Weiglereactivation effect could be observed when u.v.-irradiated bacteriophage P22 was infected into u.v.-irradiated S. typhimurium containing pK M lO l, but not when it was infected into plasmid-free cells. Similar results were obtained when u.v.-irradiated bacteriophage lambda was infected into E. coli K12, although in this case a considerable effect was also seen in plasmid-free cells (Walker, 1977) . Taken in conjunction with the observation that the presence of pK M lO l in a tif sfiA mutant grown at 42 °C causes a substantial increase in the amount of reversion occurring, either spontaneously or following treatment with u.v. or chemical mutagens, this indicates that pK M lO l does not simply cause the constitutive expression of the inducible host SOS system, but rather that it increases the amount of error-prone repair once the system is induced (Doubleday et al. 1977; Monti-Bragadin et al. 1976; Walker, 1977) . In support of this conclusion, the introduction of pK M lO l or TP110 into bacterial cells has no effect on the basal level of RecA protein, a change in which is usually taken as a measure of SOS induction (Little & Hanawalt, 1977; Dowden & Strike, unpublished observations) , or on the induction of lambda prophage (Goze & Devoret, 1979) . A rather different interpretation is placed by Goze & Devoret (1979) on Weigle reactivation data rather similar to those described above. They demonstrate that the presence of pK M lO l in E. coli K12 cells is sufficient to give a 20-fold increase in phage survival compared to plasmid-free cells, even when the host cells are unirradiated. They take this to imply that the pK M lO l system acts constitutively over and above the inducible host system, and conclude that repair mediated by pK M lO l is different from SOS repair. In the light of recent data (discussed later) it seems likely that this conclusion is incorrect.
Conflicting reports have been given concerning the effects of chloramphenicol on the inducibility of the plasmid functions. Tweats et al. (1976) reported that R46
would protect cells treated with chloramphenicol before irradiation, but not cells treated after irradiation. Dobson & Walker (1980) , however, observed that while post-irradiation chloramphenicol treatment abolished Weigle reactivation in non plasmid-containing cells, cells containing pK M lO l could still perform this process. Moreover, they showed that the u.v. protective effect of pK M lO l and R46 was not affected by chloramphenicol. The reasons for the disparity in these results are not apparent, but may reflect the slightly different regimes adopted for chloramphenicol treatment.
The genetic data on the question of inducibility are also somewhat in conflict. The ability of some plasmids to express protection/mutation functions in fex:A(Ind~) mutants of E. coli B has already been referred to, and indeed Babudri & MontiBragadin (1977) have used the ability to restore methyl methane sulphonate (MMS)-induced mutability to WP2 lexA(\v\àT) strains as a means of classifying plasmids into different groups. Similar tests ini?, coli K12, however, apparently show an absolute requirement for lexA+ in the expression of plasmid functions (Walker, 1977 ). An investigation of pK M lO l protection/mutation effects in lexB and zab 53 host strains, which are defective in SOS induction due to mutations within the recA structural gene, showed that these strains could be effectively protected and mutated by the plasmid system, which would not be expected of genes under rec/lex control. However, the efficiency of the processes was somewhat reduced, and the lexB mutation completely abolished the ability to promote Weigle reactivation and mutagenesis of u.v.-irradiated bacteriophage lambda (Blanco & Rebollo, 1981) .
It seems likely that these apparently conflicting reports can be reconciled by a consideration of the relative ease with which plasmid protection/mutation systems and their chromosomal equivalents can be induced. That the plasmid-coded genes are under rec/lex control there can be no doubt. Gene fusion analysis using Mu d{amp lac) and promoter probe vectors has demonstrated, unequivocally that the pK M lO l protection/mutation genes (designated muc, mutation, wltraviolet and chemical) and the TP110 protection/mutation genes (designated imp, /-group mutation and protection) are under the direct control of the LexA repressor protein (Elledge & Walker, 19836 ; Dowden et al. 1984) . If the plasmid-coded functions were more easily induced than their chromosomal equivalents, perhaps requiring lower levels of activated RecA protein to achieve derepression, this would go a long way towards explaining many of the observations. The data of Goze & Devoret (1979) , for example, could be taken to show that plasmid-coded protection/mutation genes could be rapidly induced by infection of the cells with u.v.-irradiated bacteriophage lambda, while induction of the chromosomal equivalent genes, umuC/D, required irradiation of the host cell prior to infection. Similarly, the reduced level of RecA protease in lexB mutants may be sufficient to induce the plasmid system, but not the chromosomal. Recent sequence data confirm that 5' to both the pK M lO l muc genes and the TP110 imp genes there lies a LexA binding site with an excellent match to the consensus sequence for such sites ( Fig. 2; Perry et al. 1985) . In this respect the plasmid genes are similar to their chromosomal equivalents umuD and C (Perry et al. 1985; Kitagawa et al. 1985) . 
IN T E R A C T IO N S W IT H O T H ER P L A S M ID G EN ES
In addition to interactions with chromosomal genes, the plasmid protection/ mutation systems also interact with other genes carried on the same plasmid. The increased mutagenic ability of pK M lO l over its parent R46 has been referred to previously, and has been explained by the presence of a trans-acting gene on R46, which acts in some way to reduce the effectiveness of the muc genes. This effect is specific to the muc system; when cloned in high copy number vectors, the gene(s) responsible severely curtail the properties of muc, but have no effect on the imp genes of TP110 (Dowden & Strike, 1982) .
A similar complex effect in pK M lO l has been reported by Langer et al. (1985) , who describe a mutation within pK M lO l that abolishes the u.v. protection effect of the plasmid, and indeed leads to sensitization, but increases susceptibility to mutagenesis to a greater extent than the parent plasmid. Unexpectedly, the mutation lies within a 2-0kilobase region just upstream from mucAB, and not within the structural genes. The reasons for these effects are not yet understood, but it seems possible that they may affect the level of expression of the muc genes. Similar effects have been observed when cloning the TP 110 imp genes into high expression vectors in different orientations with respect to external promoters (Glazebrook & Strike, unpublished observations).
An interesting interaction between plasmid genes is seen in Fig. IB . TP110 protects against the killing effects of u.v. light, due to the presence of the protection/mutation genes whose expression is under rec/lex control. Like many I group plasmids, however, TP110 carries a second SOS function directly controlled by the LexA protein, namely the colicin lb production and immunity operon (Glazebrook et al. 1983) . Induction of this operon leads to colicin production, a process that is lethal to the host cell. Thus TP110 contains two SOS-controlled operons; induction of one (imp) protects against the killing effects of u.v., induction of the other (rib) by u.v. causes cell death. Clearly, following u.v. irradiation, the effects of imp expression outweigh the effects of cib expression (Fig. 1A) and cell survival is improved. However, treatment with the radiomimetic drug mitomycin C (a particularly effective SOS-inducing agent against which the R46 protection/ mutation system shows little protection but a significant mutagenic response (Attfield & Pinney, 1984) ), has the opposite effect. Colicin production is effectively induced and cell survival decreases.
R E L A T IO N S H IP TO THE HOST umuD/C G EN ES
The most significant advance in the understanding of plasmid-coded protection/ mutation systems came with the demonstration that protecting/mutating plasmids could restore mutability to the non-mutable umuC and umuD mutants (Kato & Shinoura, 1977; Steinborn, 1979) , first demonstrated for R46 and pK M lO l (Walker, 1979; Walker & Dobson, 1979) , and more recently for TP110 and a range of other plasmids (Dowden & Strike, 1982; Upton & Pinney, 1983) . This behaviour appears to be a property of all protecting/mutating plasmids tested to date, including the sensitizing plasmid R391. The simplest explanation for these observations, namely that the plasmids all produce analogues of the umuD/C genes of E. coli, has now been shown to be correct for both pK M lO l and TP 110.
The umu operon of E. coli has now been well characterized and is known to contain two genes, umuD and umuC, which encode proteins of M v 15 064 and 47 681, respectively (Elledge & Walker, 1983a; Perry et al. 1985; Kitagawa et al. 1985) .
Mutations in either of these genes have the same effect: the cell loses its ability to produce mutations in response to treatment with u.v. light or indirect chemical mutagens, and in an otherwise wild-type background the cells become slightly u.v.-sensitive. In an excision-repair defective background (uvr~), mutations in umuD/C cause a more dramatic increase in u.v. sensitivity (Kato & Shinoura, 1977; Walker & Dobson, 1979) . The expression of the umu genes is under reef lex control, with the LexA protein acting as a direct repressor (Bagget al. 1981) . The products appear to be involved only in the processes of error-prone repair, do not affect any other aspect of the SOS system, and are not essential for cell viability (Bagg et al. 1981; Elledge & Walker, 1983a) . The induced umu gene products are not, by themselves, sufficient for error-prone repair to occur, and it has been demonstrated that activated RecA protein plays a mechanistic role in mutagenesis as well as its role in the control of SOS systems (Bagg et al. 1981; Blanco et al. 1982; Little & Mount, 1982) . A twostage model has been proposed by Bridges & Woodgate (1985) involving activated RecA protein in the misincorporation step of error-prone repair, followed by the umuD/C products acting to permit chain extension. This model is based on the observation that if umuD/C~ mutants are allowed to synthesize DN A for a period following irradiation, and then subjected to photoreactivation, mutants are pro duced. The Bridges & Woodgate model proposes for the first time a consistent model of error-prone repair, although the recent observation that the dnaQ49 (mutD) umuC::Tn5 double mutant is still hypermutable may call for some reappraisal (Piechocki et al. 1986) .
Whatever the role of the umuD/C gene products in indirect mutagenesis, it is quite clear that the plasmids well characterized to date, such as pK M lO l and TP110, can provide analogues of these gene products that work as well as, if not better than, the chromosomally encoded functions. Moreover, in the case of these two plasmids, the gene products are structurally as well as functionally related to the Um uD/C proteins. As with um u, the pK M lO l and TP110 protection/mutation functions are encoded by an operon of two genes, mucA and mucB in pK M lO l, impA and impB in TP110 (Perry & Walker, 1982; Glazebrook et al. 1986) , which encode proteins of M r 16371 and 46 362 in pK M lO l (Perry et al. 1985) , and approximately 11000 and 51 000 in TP110 (Glazebrook et al. 1986) . It is surely significant that the sum of the sizes of these proteins coded for by the umu, muc and imp operons is constant, indicating perhaps that each of these operons has evolved from a common ancestor. In addition to the constant coding capacity of the protection/mutation operons, the proteins they encode show a remarkable degree of homology, particularly in conserved blocks. Fig. 3 shows some of the results of our preliminary sequence analysis of the TP110 imp The probe contained sequences encoding both Im pA and ImpB proteins, with a small amount of non-coding sequence flanking both S' and 3' sides. Hybridization was performed under conditions of moderate stringency (at 62°C, in the presence of 0-3 M-NaCl. Positive hybridization indicates a homology of greater than 78%.) * Upton & Pinney (1983).
f Jacob et al. (1977) . operon: the region of the proteins shown, towards the carboxy terminus of UmuC, MucB and ImpB, shows a striking degree of conserved sequence between all three operons. Restriction maps of the operons are shown in Fig. 4 , demonstrating the diversity of these systems at the D N A level.
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One intriguing observation from the sequence data of Perry et al. (1985) is that the MucA protein contains a region homologous to the site at which the LexA protein is cleaved by activated RecA protein. It seems quite likely that in addition to controlling the expression of the muc operon, activated RecA protein may also be needed to process tiie MucA protein to an active form. An alternative role for this processing might be to allow efficient translation of the mucB gene product, the coding sequence for which overlaps the coding sequence of mucA by 13 base-pairs. Thus, a shift in reading frame is required for expression of mucB and initiation of mucB translation must be allowed within the coding sequence for mucA. Conceivably, this shift might be achieved by processing of the mucA gene product.
Functional tests also show that the plasmid-coded systems operate in a similar but perhaps not identical way to the chromosomal systems. Although there is no cross complementation between plasmid-coded proteins and their chromosomal equiv alents (Walker, 1984) , an analysis of the types of agents against which the systems are effective, and investigations of the types of nucleotide changes induced as a consequence of D N A damage, all reveal strong similarities between the two systems with respect to both targeted and non-targeted mutagenesis. Thus Glickman (1983) has shown that while pK M lO l increases the number of mutations obtained in both uvr+ and uvrB mutants of E. coli following u.v. irradiation, the spectrum of changes detected in the lacl system (i.e. the preferred sites for mutation) is exactly the same, irrespective of the presence of the plasmid. Eisenstadt et al. (1982) demonstrated similar effects with the chemical mutagens benzo (a) pyrene and cyclopenta (cd) pyrene, although Fowler et al. (1981) have reported that pK M lOl does alter the mutational specificity of u.v. with respect to the reversion of certain trpA alleles of E. coli, and Todd et al. (1979) have reported that R46 alters the spectrum of arg+ revertants obtained by MMS mutagenesis of AB1157. An analysis by Mattern et al. (1985) also shows that pK M lO l alters the mutation specificity of the trpA223 allele in E. coli, both after treatment with indirect mutagens (i.e. those that require SOS processing in order to give rise to a mutation) such as M M S and ethyl nitrosourea (ENU), and with direct-acting mutagens (those that are SOS-independent) such as 2,6-diaminopurine and ethyl methane sulphate (EMS). They suggest that the muc genes are involved in the induction of mutations not only during SOS error-prone repair, but also during misreplication. The effect is seen as a reduction in the number of A T to G C transitions, and an increase in the number of A-T transversions. It seems likely that while plasmid genes act in a similar way to the chromosomal genes, their activities are not identical and differences can be detected, depending upon the allele used to measure mutation and the type of mutagen used. The specificity of base changes is likely to be determined to some extent by the surrounding sequence, and by the mutagen used. It has been shown that, in Salmonella, the pK M lO l system is capable of promoting every possible base-pair change, except perhaps for G C to C G (Youderian et al. 1982) .
SPECT RU M OF ACTIVITY
In addition to restoring the mutagenic response of umu mutants to u.v. light and the polycyclic aromatic mutagens mentioned above (Eisenstadt et al. 1982) , p K M lO l also restores mutability by a variety of other agents including 4-nitroquinoline oxide, methyl methane sulphonate, 2-(2-furyl)-3-(5-nitro-2-furyl)-acrylamide (AF2), gamma rays, czs-platinum (II) diamminodichloride, mitomycin C and neocarzinostatin (Nuroshiba & Nishioka, 1984; Attfield & Pinney, 1983 Eisenstadt et al. 1980 ). An extensive list of mutagens for which pK M lO l is effective in increasing the mutagenic sensitivity of the Ames Salmonella tester strains is given by McCann et al. (1975) .
While the plasmid systems are effective in increasing the mutagenic response of bacterial cells to the agents listed, they do not confer resistance to the killing effects of all of them. Thus while R46 increases the u.v. resistance of a uvrA umuC mutant by over 1000-fold (Upton & Pinney, 1983) , it has no effect on the resistance of the strain to mitomycin C (Attfield & Pinney, 1984) . It has been demonstrated that both the plasmid-coded systems and the chromosomal umu system are able to increase the mutagenic effects of single-and double-stranded D N A damaging agents, but are only able to protect against those that cause single-stranded damage (Upton & Pinney, 1983; Attfield & Pinney, 1984) . This similarity in function again emphasizes the relatedness of the plasmid and chromosomal systems.
F U N C T IO N S OF THE E N C O D E D PROTEIN S
A variety of suggestions have been made concerning the functions encoded by the umu and muc genes. MacPhee (1974) reported that a polymerase activity encoded by R205 could be detected in polA mutants of 5. typhimurium, and Lehrbach et al. (1977a,b) detected a similar activity apparently expressed by pMG2 in cell extracts of a polA strain of P. aeruginosa. However, Stokes & Krishnapillai (1978) were unable to repeat the observations in P. aeruginosa and neither Kronish & Walker (1979) nor Upton & Pinney (1979 , 1981 could detect polymerase activity associated with R46, pK M lO l or R205, even when the plasmid-containing cells had been induced with u.v. light. An endonuclease activity encoded by pK M lO l has been reported (Lackey et al. 1977 ) but this enzyme is also produced by mutants of pK M lO l that no longer protect and mutate, and is now thought to be associated with the conjugation system of the plasmid. Whatever the role of the plasmid-coded products, it has been shown that their chromosomal analogues, UmuD and UmuC, apparently interact in a specific way with the DN A replication processes in E. coli. Strains in which the umu gene products are over produced become cold-sensitive, due to an inhibition of D N A synthesis (Marsh & Walker, 1985) . Indirect suppressors of the cold sensitivity appear to affect protein turnover in the cells, in a rather complex way. Whether this interaction of the Umu proteins with D N A replication holds a valuable clue to their mode of action is not yet clear. The reaction is specific to umu and does not occur with overproduced muc gene products, so this is apparently not an obligatory phenotype for protecting/mutating proteins. Overproduction of the imp gene products cannot be tolerated in E. coli, although whether this involves an inhibition of D N A replication is not known.
Most models of error-prone repair envisage an alteration in polymerase fidelity within the cell, allowing replication to proceed across D N A lesions (reviewed by Walker, 1984) . It has been suggested that the umu gene products may play a role in this reduced fidelity, as mentioned above, although the model of Bridges & Woodgate (1985) ascribes this property to activated RecA protein and suggests a later role for U m uD /C . A dnaQ mutant has been described that has properties remarkably similar to those predicted for a strain possessing a D N A polymerase of altered fidelity; the mutation affects the 3' to 5' proof reading activity of DNA polymerase I I I (Piechocki et al. 1986) . It is possible that this mutation creates the change in fidelity normally produced by interaction with umu or muc gene products.
An alternative candidate is the altered form of D N A polymerase I isolated from SOSinduced cells by Lackey et al. (1982) , although this can also be isolated from umuC mutant cells. The way in which protection/mutation genes interact with polymerases can at this stage only be speculative, until a detailed biochemical study becomes possible. It is perhaps worth emphasizing that much of the effect of the plasmidencoded systems results in error-free repair of D N A damage; thus the uvrA umuC double mutant becomes over 1000 times more resistant to u.v. light upon intro duction of R46, and the vast majority of the surviving cells are not mutants. Although the plasmid-coded process is error-prone, it does not always produce errors. Whatever model is devised to explain the activity of the protection/mutation genes must take into account the fact that the majority of repair is still accurate.
Several pieces of evidence also suggest that the plasmid-coded genes may encode products that do not interact in a specific way with host polymerases. N group plasmids such as R46 have a very wide host range, and confer u.v. protection and mutation upon most of their hosts. It is difficult to see how a specific interaction with D N A polymerases could take place in such different hosts. Moreover, it has been shown that p K M lO l can be introduced into yeast cells, where the muc genes are expressed to a limited extent and a degree of protection is conferred (Potter et al. 1984) ; similar results have also been reported on introduction of TP 120 into cultured mouse cells (Elli et al. 1983) . The implication of these observations is clearly that the plasmid-coded proteins carry out some self-contained D N A modification, which can subsequently be acted upon by the host polymerase and converted into a repaired or mutated site.
O R IG IN OF THE P R O T E C T IO N /M U T A T IO N SYSTEM
The widespread occurrence of protection/mutation genes across plasmids of many different incompatibility groups raises the question as to whether all of these different genes are related, and perhaps derived from a common ancestor. One can also consider the origin of the umuD/ C genes in E. coli as they are clearly related to plasmid-borne genes. The spread of chromosomal protection/mutation genes is by no means universal, however. These genes are present in the laboratory K12 and B strains of E. coli, but are not found for example in S. typhimurium, Proteus mirabilis or Deinococcus radiodurans (Walker, 1983; Hofmeister et al. 1979; Tempest & Moseley, 1982) . Moreover, even amongst E. coli strains there is no consistent picture. Sedgewick & Goodwin (1985) report that the umuDjC genes are not present in three of six species of E. coli tested, and that outside this genus inducible mutagenesis was rarely found, as judged by the presence of D N A homologous to the umu genes. It is clear that this variation applies only to the inducible mutagenesis component of SOS repair; all of the strains tested were inducible for other aspects of the SOS response. Even amongst those E. coli strains that carry D N A homologous to umuD/C, considerable variations are observed in the flanking DNA, and it is conceivable that the genes may occupy different map positions in different strains (S. G. Sedgewick, personal communication). In 5. typhimurium the site corre sponding to the map position of umu in E. coli is in fact occupied by one end of a major D N A rearrangement, which is a characteristic difference between these two strains (Sanderson & Roth, 1983) . Haemophilus influenzae presents perhaps the most interesting indication of the relationship between chromosomal and plasmid borne protection/mutation systems. This strain is non-mutable by u.v. light, and might be expected not to contain MWM-like genes. However, Balganesh & Setlow (1985) have shown that mutability can be restored to this strain by the introduction of a recombinant plasmid carrying only the pK M lO l mucA gene. Hybridization between the muc genes and Haemophilus chromosomal D N A shows that this strain actually contains, in a chromosomal location, a functional gene homologous to mucB, and that the combination of the chromosomal mucB-analogue with the cloned mucA gene not only restores mutability, but also restores post-replication repair to a Rec-host. It is clear from these data that inducible mutation is not an inherent part of the SOS response, thatii. coli B and K12 are the exception rather than the rule in having such genes on the chromosome, and that when the genes are integrated into the chromosome, perhaps from a plasmid donor, D N A rearrangements and instabilities occur.
In an attempt to determine whether such rearrangements and instabilities were also associated with plasmid-coded genes, we have used the cloned imp genes of TP110 as a probe in Southern blotting against a variety of protecting/mutating plasmids, the results being summarized in Table 1 . Perry et al. (1982) have reported that sequences homologous to muc can be detected amongst several other N group plasmids. The data in Table 1 demonstrate that the homology between imp and muc is not sufficient to permit stable hybridization. However, imp-Yikt sequences can be detected in many, but not all, I and B group plasmids. Even in plasmids that are homologous, however, we have detected considerable restriction site polymorphism, indicating divergent evolution of these closely related protection/mutation systems. Details of this work will be published elsewhere.
The widespread occurrence of protection/mutation genes in plasmids and chromosomes has led several workers to suggest that these genes may be carried on a transposon (Sedgewick & Goodwin, 1985; Balganesh & Setlow, 1985) . However, a characteristic of transposons is that the same genetic element can be found associated with unrelated replicons. With the protection/mutation genes this does not appear to be the case. Homology to muc is found only amongst N group plasmids, homology to imp is found only amongst I and B group plasmids (which may be closely related, since some plasmids encode both I and B incompatibility), and the umu system seems unique to the E. coli chromosome. The model most consistent with these observations is that these functions may at one time have been carried on a transposable element, but that recent evolution has been strictly within groups and the functions can no longer transpose. In support of this theory, we have attempted to mobilize mob~ plasmids by cointegration with an otherwise transposon-free plasmid carrying the imp genes (ColIb-P9), and have found no evidence that such transposition can occur. It is possible that protection/mutation genes were never carried on a transposon, but were spread by replicon fusion promoted by insertion sequence (IS) elements and transposons not related to these genes. R46, for example, carries the active IS46 element that is capable of promoting just such integrations and D N A rearrangements (Brown et al. 1984) . Future work, extending through an even wider range of plasmids, is in progress and may allow us to identify those features of the protection/mutation genes that must have been present on the archetypal gene from which many if not all of these systems appear to have evolved.
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